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Abstract 
Many industry sectors are exposed to unpredictable factors called turbulences. To counteract to those circumstances there is a need to bring 
changeability in a production system. But today the right quantity of changeability is difficult to determine. Therefore, Prioritization Indicators 
are generated, which are intended to define the acting-order to adapt subsystems and to improve the entire system consequently. According to 
current research, a Prioritization Indicator includes the following three parameters: dependence of the subsystems, the effort to adapt a 
subsystem and the effectiveness. The approach of multi-criteria evaluation is the basis to combine the prioritization parameters and to build the 
new approach of Prioritization Indicators. This evaluation method will be illustrated in an example of the automotive manufacturing. 
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1. Introduction 
Due to a shift in consumer behavior, the automotive 
industry is challenged to react with new products at shorter 
intervals and to bring higher individuality to the market at the 
same time. 
 
Nomenclature 
Wx Prioritization indicators 
D          Dependence of a Subsystem 
E           Effort of change 
EF  Effectiveness of change 
 
In spite of this trend, changeability of production systems 
is a suitable tool to react to these developments [1]. However, 
most of the existing production systems aren’t yet developed 
far enough in regards to the aspect of changeability. Therefore 
it’s important to implement the right degree of change to a 
system where it’s really needed and to reduce unnecessary 
costs (Fig. 1) [2]. Since it has been shown in practice an 
efficient acting order to modify or to design a complex system 
is hard to determine. Therefore Prioritization Indicators 
should help users to ensure a well-informed decision 
concerning how to start with the change of a system. The idea 
is first to adapt subsystems which are easy to modify but have 
a great influence on the whole system to improve the 
changeability of the entire system.  
  
 
Fig. 1. Extended Control loop of changeability; based on [2] 
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The question how parameter values of the Prioritization 
Indicators are determined is not a part of this paper. Instead 
we focus on the Prioritization Indicators themselves, their 
correlation and how they are mutually weighted. Existing 
methods are dealing with dependencies in a system. Two 
approaches can be differentiated: The goal of some methods is 
to prevent dependencies and other methods evaluate or view 
existing dependencies for better managing. The literature on 
these methods generally refers to “classical” end products and 
less on production systems. This statement may also apply to 
the methodology of evaluating multi-criteria. So the new 
methodology is based on the methodology of evaluating 
multi-criteria in the context of a production system. This 
approach includes the three parameter dependencies within a 
system, the effort to change a system and the effectiveness of 
a system change. To demonstrate the applicability of the 
methodology, it will be discussed further by an example from 
the automotive production. 
2. Previous Work 
In this chapter we focus on three main topics: Firstly on 
Changeable Manufacturing Systems, which is the 
framework of our method, secondly on dependencies in a 
system and last on Method of Multi-Criteria Evaluation, 
since it´s the base of the Prioritization Indicators.  
2.1. Changeable Manufacturing Systems 
In previous work changeability is seen as a shift of the 
flexibility corridor to respond to so-called turbulences (Fig. 2) 
[1] [3] [4]. 
Fig. 2. Changeability as a shift of flexibility [4] based on [3] 
 
Turbulences or change drivers are disturbances which have 
an effect on a production system [1] [4]. Those are usually not 
predictable and therefore they cannot be fully taken into 
account in the replanning. The idea behind the shift of 
flexibility is only generating costs, if the previously 
introduced degree of flexibility is not sufficient and therefore 
an adaptation of the system is required (Fig.1) [2]. To enable 
changeability efficiently, a system should have the potential to 
change right from the beginning. This is made possible by the 
inclusion of change enablers. In science, there are a number of 
change enablers mentioned. We focus on the five primary 
change enablers according to Wiendahl et al.: modularity,  
 
compatibility, scalability, mobility and universality [5]. 
Superordinate neutrality favors the enablers modularity, 
scalability, universality and compatibility [1] [6]. Previous 
studies have the main goal of maximizing the changeability 
and do not have the main focus on costs which are generated 
when a system is adjusted [3] [7] [8]. Other sources assume 
that nevertheless change enablers cause costs by 
implementing a system and that the costs increase 
exponentially the higher the degree of changeability [9] [10]. 
Schuh et. al. considers that the net benefit, the right balance 
between costs and benefits of changeability, and not the 
maximum of changeability is decisive [10]. 
2.2. Dependencies in a System 
A considerable amount of literature exists on the topic 
dependencies in a system. In order to limit the thematic area, 
we focus on methods which deal with dependencies. Two 
types of methods can be distinguished: methods which have 
the aim to reduce or prevent dependencies and methods which 
demonstrate and weight dependencies of systems. An 
example of a development method is the Method Axiomatic 
Design by Suh [11] [12]. Here, the independence axiom forms 
a cornerstone of the entire method which wants to reduce 
dependency through clear separation of functional 
requirements.  
Methods such as CPM / PDD (Characteristics-Properties 
Modelling / Property-Driven Development) want to detect 
dependencies and want to show their correlation [13]. This 
leads to a better understanding of the correlation within a 
system and further decisions can be built on them. Methods 
like Analytic Hierarchy Process (AHP) [14] or House of 
Quality [15] also wants to illustrate the correlation and even 
evaluate them. A lot of methods based on the topic Design 
Structure Matrix deal with dependencies [16] [17] [18]. So we 
can see that there is a bright range of methods handling with 
dependencies. It has to be mentioned that the focus of most 
methods is more on the “classical” product and less on the 
production system itself, but they can be adopted to 
manufacturing systems. 
2.3. Multi-Criteria Evaluation 
To be able to make an informed statement about a complex 
system, several evaluation factors have to be considered. 
Therefore, multi-criteria evaluation methods are a useful tool 
to bring different dimensions including its quantitative and 
qualitative criteria in an appropriate context and to combine 
them in the evaluation [19]. Multi-criteria evaluation is used 
in a lot of different methods and topics, but their structure is 
nearly always similar [20]. Within this method, there are two 
main tasks: firstly the assessment of the criteria and secondly 
the weighting of the criteria (Fig. 3). By combining the 
assessment and weighting of the criteria a numeric indicator is 
formed to enable a quantitative comparison to other options. 
To determinate the weigthing of criteria numerous tools are 
developed. However, this is not a part of this paper, but rather 
refers to the existing literature [21]. 
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Fig. 3. Systematic of multi-criteria evaluation [19] 
 
3. Prioritization Indicators 
Production Systems consist of different subsystems which 
are directly or indirectly in dependence to each other. 
Boundaries of the subsystems depend on the specifically 
considered system and can’t be defined generally. But 
structural separation can be carried out e.g. by functional, 
physical or organizational aspects and has to be adapted in 
each case. According to current research, the Prioritization 
Indicator includes the following three parameters: 
dependence of the subsystems, the effort to adapt a 
subsystem and the effectiveness (Fig.4). The aim of the 
method is to identify subsystems which possess both low 
dependence on other subsystems, as it can also be changed 
with little effort and still have great influence on the 
changeability. According to this principle, the so-called "low 
hanging fruits" are detected in order to have a positive 
influence on the adaptability of the whole system by changing 
those subsystems. These changes of the detected subsystems 
can be seen as the start of change of the overall system or is 
already sufficiently based on the Pareto Principle [20]. 
Transformed in the context of changeability it says that in 
most cases less change is enough to solve most of the 
problems which are correlated with changeability. To bring 
the three parameters in a quantitative correlation, an approach 
of multi-criteria evaluation is used. The idea of using the 
Prioritization Indicators is to act with the Top-Down principal 
- starting to use the method by looking at a high production 
level like the factory level and continuing to go more into 
detail and look at the layers below. In the following 
subchapters the structure of the method will be explained with 
its parameters.  
 
 
Fig. 4. Systematic of Prioritization Indicators 
3.1. Dependence of a System 
Subsystems of production systems are in dependence to 
other subsystems. Based on the theory of existing methods 
and the change enabler neutrality, a system will be complex 
by its dependencies and as a consequence the system is 
difficult to control. Therefore, we are interested in 
subsystems, which have a low dependence to other 
subsystems. It is not the task of the Prioritization Indicators to 
reduce or to detect the dependencies of systems. Several 
design methods can be used for this part, which have already 
been introduced in the chapter Previous Work. The 
Prioritization Indicator can be constructed on the results of 
these methods. So it is rather a question of deducing action 
steps from the degree of dependency. To illustrate the 
quantity of dependence of subsystems, an evaluation matrix is 
used and will be assessed on a scale on 1 (strong dependence) 
to 5 (weak dependence). The diagonal is counted with 10. 
3.2. Effort of Change 
The effort to adapt a subsystem to a changeable subsystem 
is another parameter for determining a Prioritization Indicator. 
Besides the factor “costs” to effect change, the factors of 
"time" and the "influence of current production" is regarded. 
Time and costs are here in an indirect correlation. The shorter 
the time for change, the higher the costs. When the time will 
be higher than a certain cut-off point, it will lead to a 
saturation of the costs in which the factor “time” will be 
insignificant. The period of change is determined by the 
manufacturing company and the duration depends strongly on 
the quantity of changeability. The influence of change to a 
current production is taken into account, which constitutes 
inter alia quality, quantity and safety. Even suitable time 
windows can affect the “influence of current production”, for 
example by long-term planned product integration and this 
can only be realized with a production stop. In this example 
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the influence of the current production would become neutral 
because the implementation can be realized during the 
product change. The weighting of the factors depends on 
several circumstances, such as the type of change and the kind 
of production company. Equally the timing of change is 
important for the influence of the production. Therefore, this 
weighing must be user-based. The evaluation criteria of effort 
are the five primary enablers of change. We focus our 
weighing on the assembly manufacturing of the automotive 
industry and an example which is given later in this paper. 
The effort is also verified on a scale on 1 (high effort) to 5 
(low effort) 
3.3. Effectiveness of Change 
It is not ensured that subsystems, in which the effort of 
change is easy, the effectiveness of change to the whole 
system is also guaranteed. That’s why the factor of 
effectiveness also plays a major role in determining the 
Prioritization Indicator. In our case, effectivity is understood 
as the fulfillment of a vision of changeability of the 
considered system and how much a subsystem fulfills this 
target image. The target image is a narrowing of the 
theoretically possible changeability and is determined by 
company-specific factors such as company size, production 
quantity, the period under review, etc.. Thus, also the costs 
can be limited besides the chanogeability. Within the target 
image the aim of the effectiveness is a maximum of itself 
regardless of possibly generated costs. It will be assessed on a 
scale on 1(low effectiveness) to 5 (high effectiveness). 
3.4. Correlation of the Factors Dependence, Effort and 
Effectiveness 
After defining the factor of Prioritization Indicators it is 
important to determine the correlation between them. 
Therefore the following formula was designed. 
 
௝ܹ ൌ ෍ሺݔܦ݆݅ כ ݕܧ݅ כ ݖܧܨ݅ሻ
௡
௜ୀଵ
 
 
x, y, z are weighing the prioritization parameters to each 
other. According to current research, the factors are 
simultaneous so that the three factors are considered as 
equally important but this research has to be verified in 
following studies. The results of the Prioritization Indicators 
shows where it’s useful to start with change. The value range 
is between 
 
ௐܹ ൌ ሾͻ ൅ ݊Ǣ ͳʹͷ כ ሺ݊ ൅ ͳሻሿ 
 
The higher the result within the value range the more need 
of changeability exists in a subsystem. Right now there is no 
limiting value known in which the system does not need 
changeability anymore. 
3.5. Demonstration of the Method 
To demonstrate the methodology, the approach is to show 
an abstract example in the use of Prioritization Indicators. For 
the example the layer “factory” has been selected in a 
production system of the automobile production. In this 
system, there are six subsystems: production stations, 
conveying system, intralogistics, building and peripherals. 
The relationship between these was detected by a 
questionnaire and expert interview and was numerically 
evaluated in the evaluation matrix (Fig. 5).  
 
 
Fig. 5. Evaluation matrix 
 
It is important that the dependency can also be detected 
with other methods and no special tool has been implemented 
in the method of Prioritization Indicators right now. This 
gives the user freedom to continue to use his favored or 
already known method for the detection of dependencies. It is 
crucial that the assessment has a profound outcome. 
Otherwise the validity of the indicators is reduced.  
 
Subsequently, the effort was determined. The adaptation of 
the production system is planned during a production 
shutdown (t > tsaturation), because a new car model has to be 
integrated in the production and reconstruction measures will 
take place anyway. Therefore, the factor “time” and 
“influence of the current production” plays a subordinate role, 
as long as the increase of changeability can be completed 
within this period. So the factor effort consists primarily of 
the factor costs for a change. To measure the effort of change 
we look how cost-intensive it is to implement the enablers of 
change in the subsystems. In figure 6 you can see the results 
of the evaluation effort.  
 
The last parameter of our evaluation is ”effectivity”. First 
of all we have to define our target image of changeability for 
the specific system. There are several aspects which have to 
be taken into account, but can’t all be mentioned here. For 
example in our case the layer is very abstract so the cycle time 
to react to turbulences is higher than in layers below and the 
range of interest is 14 years. The potential requirements of 
change is number of pieces, technology and variants of 
models and those are the only considering topics. These are 
weighted differently because of business strategy. But also the 
dimension of the production hall is nearly fixed because the 
production area is a “Brownfield”. So with this target image 
we have an appropriate framework to determine the factors of 
 i 1 2 3 4 5 
j   
Building Intra-
logistics 
Conveying 
System 
Production 
Stations 
Peripherals 
1 Building 10 2 3 2 1 
2 Intralogistics 2 10 4 1 2 
3 Conveying System 3 4 10 1 1 
4 Production Stations 2 1 1 10 1 
5 Peripherals 1 2 1 1 10 
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effectivity. And by theoretically implementation of the change 
enablers to the subsystems we notice how effectively the 
change of the subsystems influences the entire system. So the 
parameter effectivity can be evaluated.  
 
Fig. 6. Results of effort and effectivity 
 
After computing the Prioritization Indicators we see, that 
in our case production stations have the highest potential 
bringing changeability into the entire system. But also 
Intralogistics and Conveying System should also be 
considered. As mentioned before the example is very abstract. 
In order to deduce subsequent acting steps, we have to go 
more into detail of the production stations. So it’s helpful to 
use the Prioritization Indicators in the next production levels 
below.  
3.6. Discussion 
A critical assessment on the proposed method can be done 
by using quantitative parameters to evaluate a complex 
system because the subjectivity of the user could have great 
influence on the results of the method. Otherwise the method 
of Prioritization Indicators builds a defined framework where 
it is easier to evaluate the system in a more objective way. 
And the more the image target of changeability and other 
factors of the considered system are in detail the more 
obvious the results of evaluation are. 
4. Conclusion and Outlook 
This paper presented a novel method in which it makes 
sense to adapt a production system in order to maximize the 
changeability from an economic perspective. Here are 
primary subsystems of interest, which have low dependence 
on other subsystems and can be made changeable with little 
effort and still have a high positive impact on the 
changeability of the entire system. These valuation parameters 
were brought into a correlation on the method of multi-criteria 
evaluation and the applicability was demonstrated by an 
example from the automotive production. The focus of this 
paper was on the introduction of the “Method Prioritization 
Indicators” and its three prioritization parameters. The 
determination of the values of the prioritization parameters 
was not treated. As these, however, are the basis for the 
validity of the entire method, it will be a topic in further 
research. But also the question if a limiting value of the 
Prioritization Indicators exists, where there is no need to adapt 
changeability in a system is an interesting topic for the future. 
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NR=i Characteristics Effort 
(1-5) 
Effectivity 
(1-5) 
Wj 
1 Building 1 5 135 
2 Intralogistics 5 2 177 
3 Conveying System 3 3 168 
4 Production Stations 3 5 187 
5 Peripherals 4 2 129 
